Abstract
Introduction
To sequence a long fragment of DNA, it must be cut into small fragments, as present techniques do not permit the sequencing of fragments of more than a few hundred bases. At first the DNA is cut up into overlapping fragments. These are then sequenced individually, before being reassembled by searching for the overlapping edges, to reconstitute the whole sequence.
The collection of fragments thus assembled is a contig. When constructing this contig, undesirable sequences, such as those coming from the cloning vector, must be eliminated, and ambiguities due to errors in determining the sequence of fragments must be made conspicuous. They appear as pairing errors and also insertion errors created during alignment.
A contig is the result of a particular application of alignment techniques, for which there are only few programmes. The most commonly used algorithm is that described by Staden (1980 Staden ( , 1982 or its derived versions. The adopted strategy is always the same: detection of overlapping fragments, then assemblage of sequences to form the contig. These approaches differ mainly in the way in which they detect sequence overlap, an essential step in the satisfactory formation of contigs:
• Staden (1982) searches for the longest common fragment; • Peltola et al. (1984) calculates a score on a distance matrix between two fragments; • Huang (1992) makes a preliminary selection of pairs of potentially overlapping sequences, then employs a variant of the Smith and Waterman (1981) algorithm to calculate the score. •
In the method described here, detection of overlapping fragments is based on the number of words in common between two sequences and the cost of their alignment.
The method used for contig formation is otherwise similar to the systems used by Staden, Peltola and Huang: a fragment graph is built, such that the greater the similarity in score between two fragments, the closer the fragments. The method is sequential, the fragments positioned one by one for comparison with that part of the contig already formed.
The problem with this kind of approach is that the presence of repeated or chimeric sequences, or numerous sequencing errors at the ends of fragments, can create an erroneous association between two sequences, and hence, from the very outset, an erroneous contig. This makes the result obtained crucially dependent upon the sequence chosen as the starting point and the order of the following sequences.
That is why the approach proposed here is, on the contrary, global: the collection of sequences is considered as a whole, and fragments are preordered on the contig before alignment, thus allowing the early detection of mismatches.
System and methods
The program described in this paper is written in C and was developed on an IBM PC-compatible computer.
Algorithm

Definitions
Word composition of a sequence. A sequence of DNA can be decomposed into words of size N, overlapping on a length of N -1 . The word composition of size 4 of the  sequence TAACTGGAGTC is: TAAC, AACT, ACTG,  CTGG, TGGA, GGAG, GAGT, AGTC. Each base, except the first (N -l)s and the last (N -l)s, is present in N words. This means that an error made during sequencing ends up in N words.
Word intersection of several sequences. The intersection of several sequences is the set of words common to these sequences. The word intersection of two overlapping sequences on X bases comprises, besides X -N + 1 words of the pairing zone, a noise due to the presence of common words but situated outside the overlapping part.
If there is a mismatch, or a deletion/insertion, the number of words in common is reduced by N.
Overlapping sequences. As the number of words in common between two sequences increases, so does the possibility of overlap. This number is statistically significant if the chosen word size reduces intersection noise and mismatch repercussions down to the bare minimum.
On the one hand, the larger the word size, the lower the probability of it being found in the same fragment a number of times, or in two different non-overlapping fragments. That is to say, the larger is N, the more specific the word composition of the sequence, and the less noisy the intersection of two sequences.
On the other hand, the larger is N, the greater the distortion effect of a sequence error on word composition, this error being present in N words. A large word size therefore increases the specificity of the word composition as well as the risk of error.
Experience shows that the optimum is located within the vicinity of 7-8 bases.
Intersection noise is eliminated if two sequences overlap, the words situated in the overlapping zone can be ordered, and a common fragment greater than N extracted, while words situated outside this zone are randomly distributed.
In the opposite case, where the intersection is constituted only of noise, a few words may be ordered, except when the sequences are very long or contain a repeated fragment.
The number of words in common between two sequences can then be assigned a threshold in order to eliminate pairs of sequences too dissimilar to overlap. However, when the sequenced zone is rich in repeated fragments, long sequences or numerous ambiguities, this criterion proves inadequate, and greater precision becomes necessary.
The most accurate, and therefore the most reliable, solution is first to try to align the sequences, and then to calculate the cost of alignment. Pairs of sequences for which the cost of alignment is higher than a threshold are again eliminated.
Two criteria are therefore used successively in selecting overlapping sequences:
•
The number of words in common.
The cost of alignment (defined later on).
It can then be said that two sequences overlap if their intersection in words is large and the cost of their alignment is small.
The complementary sequence. DNA is sequenced randomly on one of two strands of the molecule. The collection of sequences obtained is a mixture of sequenced fragments running in one direction or the other. It is then necessary to generate the complement of each fragment in order to reconstitute the whole sequence on one of the strands.
Overlap zones. The final contig will be made up of sequences overlapping at their extremities. That part of the contig overlapped by a set of sequences defines an overlap zone. The contig can then be considered as a series of overlap zones, each zone sharing at least one sequence with its neighbour.
Groups of sequences.
A group is a subset of mutually overlapping sequences. By adopting as criteria the number of words in common between two sequences and the cost of their alignment, all groups in the collection of fragments of DNA can be constructed (Figure 1 ). However, the information then obtained is redundant: if sequences SI, S2 and S3 overlap, the four groups (SI, S2, S3), (SI, S2), (S2, S3), (SI, S3) result. But the three groups of two sequences do not provide any more information than the first, which is why any group included in another will be eliminated.
Each resulting group corresponds to an overlap zone, though not the reverse, as groups included in another are not taken into account. Groups constructed in this way (Figure lb) will be ordered on the basis of the size of intersection, where two neighbouring groups have the greatest number of sequences in common (Figure lc) .
A preordering of sequences is made in this way. Aligning fragments by means of groups removes ambiguities in the order of sequences, and ends in the construction of the contig from which the consensus sequence is deduced ( Figure Id) .
Formation of groups of sequences
The different steps necessary in forming groups of Decomposing sequences into words. Decomposing a sequence into words is made by a 1 symbol shift using a word-sized window along the sequence. Each word found in this way is stored and indexed by the position in the sequence of its first letter. Each word is constituted by the letters A, G, C, T. If there are letters of the type Y, W, R, N, etc. in the sequence, which represents an ambiguity between several bases, all possible words are coded, each word being equally probable.
The decomposition into five letter words of the sequence ACTGGAN will be: Selection of overlapping sequences. The intersection in words of each pair of sequences is calculated and then cleared of noise: the common words are ordered in relation to their position on one of the two sequences. Mistakes in word positions on the other sequence appear then, due to the presence of the intersection of words situated outside the overlap zone: the word order is different or the gap between two words is inconsistent with the gap between the same two words on the other sequence. The word responsible for the inconsistency is then eliminated.
Example. The intersection in words of sequences S9 and S2 is ordered according to the position of words in sequence S9. The last seven words appear as follows :   CTGTAGCT  TGTAGCTG TCTAGCTC  GTAGCTGT  TAGCTGTC AGCTGTCA  GCTGTCAC   S9  33  34  34  35  36  37  38   S2  98  99  S3  100  101  102 103
The word TGTAGCTG occurs twice in the intersection, at positions 34 and 34 (gap 0) in sequence S9, and at positions 99 and 53 (gap 46) in sequence S2. Position 53 of TGTAGCTG in sequence S2 clashes with the position of words immediately before and after, and so is eliminated. This part of the intersection then becomes:
A threshold in the number of words in common is fixed to select potentially overlapping sequences. Different tests have led to a threshold of 20 words for a word of eight bases, though this value depends on the word size and the reliability of obtained sequences. This threshold is in fact used twice: first on the rough intersection, to discard pairs of sequences which have no chance of overlapping, and after having eliminated noise in the intersection.
The pairs of sequences retained after this filtering process are aligned, and the cost of this alignment is calculated. The algorithm for aligning two sequences makes use of both the words they have in common and dynamic programming (Needleman and Wunsch, 1970) . The same method is used for aligning sequences in the process of constructing a contig, to be detailed later in the description of this step.
The cost of alignment is calculated in the following way: cost = (Sum(alignment errors*error weight))/length of alignment.
The weight of each type of error (gap, substitution, ambiguity) is determined by the user. A cost threshold is then defined, such that sequences are retained if the cost of their alignment is lower than the threshold. With a weight of 1 for a gap or substitution, and 0.5 for an ambiguity, a threshold in the vicinity of 0.12-that is to say, at most one error accepted for eight bases in the consensus-turned out to be a good threshold with the tested sequences.
Searching for groups.
A list of groups is made according to two rules:
• All sequences in a group overlap. (The definition of a group.) • No group is included in any other, so as to avoid redundant information.
The first group is initialized with the first sequence, marking the beginning of the list. The following sequences, examined one by one, will be added to this group and/or will form another group in the following way (Figure 2 ). For each group in the list, the new sequence is compared to the sequences in the group. There are three possibilities:
• The sequence or its complement overlaps all the sequences in the group, and so is added to the group.
•
The sequence or its complement overlaps only a few sequences in the group, and these are stored in a temporary list. These will form a new group with the examined sequence if the condition of non-inclusion is respected.
• The sequence and its complement do not overlap with any fragments of the group.
If there is no overlap with any fragments in all the groups in the list, the examined sequence will form the beginning of a new group. Otherwise it or its complement would have been included in one or several already existing groups and/or a list of possible new groups would have been created. They are added to the list if they satisfy the condition of non-inclusion.
All groups in this way denned are thus identified independently of the order in which the sequences are added. Sequences belonging to several groups will enable them to be connected and ordered.
Construction of the contig(s)
This construction requires first ordering the groups of sequences, which amounts to ordering them according to their position on the final contig, and secondly aligning the set of sequences in each group.
Ordering the groups. Groups are ordered relative to each other according to the sequences they have in common, if:
• A sequence appears in several groups; these groups are contiguous. • A group has two neighbours (or only one if situated at the extremity of the series).
Searching for one of these neighbours, that is to say, the group which is the closest, amounts to searching for the group with the greatest number of sequences in common with it. The ordered series of groups is begun by a group taken at random, then extended at both ends by searching for the closest group to the last added (Figure 3) .
The orientation of fragments (sequence or complement) is not taken into account when searching for the closest group, but it is when added to the list: a sequence must have the same orientation in all the groups in which it appears.
For example, group (c) contains the sequences SI, S4, S9, S7, and the closest group (b), the sequences S5, S6, S7*, S9*, the * indicating that the sequence is the complement (Figure 2i ). S7 and S9 have therefore a different orientation in the two groups. When group (b) is added to the list, the orientation of all sequences in (b) is reversed, (b) then becomes S5*, S6*, S7, S9 (Figure 3d) .
If the sequenced zone of DNA contains repeated or chimeric sequences, when the groups are ordered, direction ambiguity can arise. If so, the groups cannot be ordered. Both possibilities will be explored and the ambiguity signalled to the user.
If two groups containing a common fragment are localized in two different places in a series, this fragment is moved apart and a trace of the two groups is retained. (2) b (0) d (l) c (2) c (3) b (0) b (2) e(3l S2, SI, S4, S9 SI, S4, S9, S7 S9, S7, S5*, S6* Fig. 3 . Ordering groups. Each group m the ordered series is shown with its sequence composition, followed by the list of remaining groups; a figure between brackets indicates the number of sequences in common between the group of the ordered series and the remaining group to be positioned. The group added to the ordered series at each step is that which has the greatest number of sequences in common with the last group of the list. The ordering of groups allows the partial ordering of sequences, (a) The ordered series of groups is initialized by the first group, (a). The series can be extended on both sides of (a), (b) (e) is the group with the greatest number of sequences in common with group (a), and so it is added to the end of the list, (c) (c) is the group with the greatest number of sequences in common with group (e), and so it is added to the end of the list, (d) (b) is the group with the greatest number of sequences in common with group (c), and so it is added to the end of the list. The orientation of sequences in this group is reversed (cf. Figure 2i ) so as to maintain the same orientation for S7 and S9 in all groups, (e) (b) has no sequences in common with any of the remaining groups, (b) is therefore the last group of the list. On the other hand, the first group of the list, (a), still has sequences in common with (d) . (d) is therefore placed at the beginning of the list.
The ambiguous fragment can be a chimeric sequence or contain a repeated sequence. The ambiguity can also come from an erroneous detection of overlapping fragments. When the construction of the contig with this series of groups is achieved, the alignment of the ambiguous sequence with the consensus sequence of the contig is tested by dynamic programming. According to the cost of alignment, the fragment will be added to the contig or definitively excluded.
One or several ordered series are in this way obtained, such that each group which composes them has sequences in common with the following group, and represents an overlap zone on the contig.
Construction of overlap zones.
Overlap zones on the contig are found by aligning the sequences in each group, one after the other. Alignment on the region common to all GGTTTGAC GTTTGACC TTTGACCT TTGACCTG TGACCTGA GACCTGAA  S9 :  0  1  2  3  4  5  51 :  50  51  52  53  54  55   52 :  66  67  68  69  70  71  S4 :  37  38  39  40  41  42   ACCTGAAG CCTGAAGC CTGAAGCA TGAAGCAG GATCGAGG ATCGAGGC  S9 :  6  7  8  9  18  19  51 :  56  57  58  59  68  69   52 :  72  73  74  75  83  84  S4 :  43  44  45  46  55  56   TCGAGGCG CGAGGCGG GAGGCGGA AGGCGGAT TAGCTGTC AGCTGTCA  S9 :  20  21  22  23  36  37  51 :  70  71  72  73  86  87  52 :  85  86  87  88  101  102  S4 :  57  58  59  60 sequences in the first group is needed to form an overlap zone. Alignment is then looked for on both sides of this overlap zone on other sequences to construct the adjacent overlap zones.
The operation is repeated on the left side on all sequences in the group, and on the right side until only sequences in common with the following group remain. These sequences will be aligned in the course of investigating the next group. The alignment of sequences is carried out in the same way for each group, until all overlap zones are found.
Aligning sequences. The alignment of DNA fragments at the level of an overlap zone is based on the intersection of words in the sequences of the corresponding group. The intersection is ordered according to the position of words in the sequences, any noise being eliminated in the same way as when searching for overlapping sequences ( Figure  4a) .
A word in the intersection corresponds to a region that all sequences in the group have in common. From these words, the position of which in each sequence is known, the exact identity zones can be located, and, by deduction, those containing mismatches (Figure 4b ). To align fragments, sequences are reconstructed from their common words, knowing that they have been ordered according to their position, and that two words shifted forward a position overlap by N -I bases, N being the size of the word. The first word in the intersection gives the N first bases of the identity zone; the following words, as they are shifted forward a position in relation to the previous ones, bring a new base to the identity zone. An interval greater than iV -1 positions reveals a mismatch, and alignment is then carried out by dynamic programming (Needleman and Wunsch, 1970) between the two words ( Figure 4c) .
Alignment at the level of the overlap zone is thus achieved. Repetition of the process on adjacent zones, and then from one group to another, results in the construction of the contig. The consensus sequence is then deduced from the collection of assembled fragments of DNA ( Figure 5 ).
Implementation
This program is a window application, implemented using the C programming language. It has been tested on a set of 829 sequences, with an average size of 475 bases, containing 0.9% of ambiguities. This data set was described by Seto et al. (1992) for testing assembly programs.
The computer used was an IBM PC-compatible 486, 66MHz, with 8 Mbytes of RAM. Execution time was 3.5h.
The word size was set to 8. The minimum acceptable number of words in common was set to 20, and the maximum cost of alignment was set to 0.12. Of the 829 fragments, 824 were assembled into four contigs of 27.6, 8.2, 2.8 and 1.9 kb.
While ordering groups, one ambiguity has been detected leading to several possible solutions. Several fragments were shared by both contig 1 (27.6 kb) and 2 (8.1kb): eight fragments belonged in common to both ends of contig 2 and to an internal part of contig 1; three fragments belonged in common to one end of contig 2 and to the upper referenced internal part of contig 1; and one fragment shared by both ends of contig 2.
This result suggests that contig 2 is surrounded by two copies of a direct-repeat sequence. This repeated sequence is also found in contig 1, which leads to the conclusion that contig 2 is inserted in contig 1 at this place. Thus, contig 2 included in contig 1 form a single contig of 36kb. Seto et al. (1992) obtained one 36 kb fragment corresponding to the mouse genomic insert and two 2 kb fragments corresponding to the vector. This data has been tested by Huang (1992) and on the XDAP program (Dear and Staden, 1991) . The results are described in Table I .
Discussion
The originality of the program proposed here lies in the preclassification of sequences. This preclassification leads to a set of groups connected together through common elements, where all sequences overlap. Staden's algorithm considers each sequence, one by one, and compares it with consensus sequences of contigs already found. If the new sequence overlaps the consensus sequence, it is aligned with the other sequences of the contig and a new consensus is obtained. If the different resulting contigs overlap, they can be put together.
To obtain the largest possible contig, it is often necessary to run the program twice, with stringency at first strict and then relaxed. Sequences are aligned as one goes along and the associations established are never called into question, making the result dependent upon the order in which the sequences are added.
By contrast, contigs obtained by the method described in this article are independent of this order. In effect, as different parameters are set, there is only one possible group allocation of sequences. Regardless of the order in which sequences are considered, their classification leads to a unique distribution. Moreover, any ambiguity in the order of fragments due to the presence repeated or chimeric sequences, or too much uncertainty in their determination, is detected before the alignment of the sequences, when groups are placed in order. Furthermore, preclassification allows a multiple alignment of sequences at the level of each group, where dynamic programming is used only on small lengths, hence yielding an important gain in time. This global approach to assembling sequences is very fast, but above all it makes problems related to repeated sequences conspicuous, so that ambiguities in fragment positioning can be signaled to the user.
Several applications of this algorithm are possible-in the area of DNA sequence alignment, multiple alignment and searching for common patterns, and perhaps even the comparison of a sequence to a gene data bank. 
